dissolved in 330 ml of cold 1 N HC1 and 250 ml of water was added. 25 ml of cold 1 • NaN0~ was added and the resulting azide extracted into 500 ml of ethyl acetate which was then washed with water, 0.5 ~ NaHCO~, and again with water. After drying with NaeS0~, the solution was concentrated to 50 ml, and 100 ml of dimethylformamide was added.
15.83 g (19.4 raM) of his-len-leu-val-tyr-ser-0Me-2HC1 were dissolved in 600 ml of methanol and 5.6 ml (40.6 m~) of triethylamine were added. The solvents were evaporated, and the residue was suspended in 500 ml of chloroform in order to dissolve the triethylamine hydrochloride. The suspension was filtered and the solid was washed with chloroform and ether. The hexapeptide ester was then dissolved in 500 ml of dimethylformamide and added to the solution of the azide. After standing overnight at 6°C, the reaction mixture was evaporated to 100 ml. 10 volumes of cold 0.5 ~r NaHC03 were added. The resulting precipitate was collected by filtration and redissolved in 1500 ml of the acid solvent system (II). A four stage cotmtercurrent distribution was performed. The upper phases of 0 and 1 were combined and extracted with cold 0.5 M NaHCO3, then with cold water. Concentration of the solution, followed by chilling to 6°C, caused crystallization. The solid was collected and washed with ether. The product (11.49 g) was reerystallized from 1500 ml of ethanol. After filtration, washing with ether, and drying over P205, it weighed 7.43 g, mp 226-228°C, [ or] ~9"6 = --61 ° (c 0.5 in 0.05 N HC1 containing 50% methanol). Additional product was obtained by concentrating the filtrate; 2.83 g, mp 218-219°C. The amino acid molar ratios were pro, 1.00; phe, 0.92; his, 0.92; leu, 2.00; val, 0.96; tyr, 0.70; ser, 0.92.
Analysis: CssH~sN10Ola; calculated: C, 62.01; H, 7.00; N, 12.45.
found: C, 62.08; H, 7.15; N, 12.45.
Pro-Phe-His-Le~-Leu-Val-Tyr-S~-OMe.gHCl.--A solution of the protected octapeptide,
8.25 g (7.3 m~), in 250 ml of methanol containing 8.8 ml of 2.5 ~ HC1 and 760 mg of palladium was treated with hydrogen at atmospheric pressure for 150 rain. 175 ml of methanol and 150 ml of water were added to redissolve the solids which precipitated during the reduction. The palladium was removed by filtration, and the solution concentrated until a thick gel formed. This was redissolved in methanol and reprecipitated by the addition of five volumes of ether. One-half of this material was purified by countercurrent distribution for 182 transfers in the acid distribution system (II). The major peak was located at this time, and all other tubes were rinsed and refilled. After 794 more transfers (with recycling), the peak tubes (K --0.41) were removed and the contents were pooled. The solvents were evaporated to 50 ml. After diluting with 100 ml of ethanol and adding 500 ml of ether, the peptide ester precipitated. The solid was redissolved in 200 ml of methanol and reprecipitated with 500 ml of ether. The product was dried over P205 to give 2.10 g, mp 235-236°C; [a] ~ = --44 ° (c 0.5 in 0.05 N HC1 containing 50% methanol), R$ 0.77; molar ratios: pro, 1.01; phe, 1.01; his, 1.02; leu, 2.00; val, 1.02; tyr, 0.90; set, 0.95.
Analysis: Ct0H~Nt0OnCI~-H20; calculated: C, 55.60; H, 7.11; N, 12.97. found: C, 55.92; H, 7.32; N, 12.60.
Pro-Phe-His-LemL~-Val-Tyr-Ser.--The peptide ester, 0.266 g (0.25 mM), was dissolved in 30 ml of water with the aid of 0.4 ml of 1 ~ HC1. The clear solution was adjusted to pH 7.
3.6 ml of 1 ~ NaOH were then added. After 5 min, the pH was adjusted to 10.5 and the solution distributed in the countercurrent apparatus using the alkaline distribution system (I). After 200 transfers, the peak tubes (K ffi 1.44) were removed and pooled, the pH was adjusted to 3, and the volume was concentrated to 40 ml. The pH was adjusted to 7.0 and the resulting precipitate was washed repeatedly with water, with 50% methanol-ether, ether, and finally dried over P205. The peptidewas an amorphous solid, 0.155 g, mp 240-242°C (dec) Z-His-Pro-Phe-ttis-Leu-Leu-Val-Tyr-Ser-OMe.--Z-his-NHNH2, 0.506 g (2 m~), in 6 ml of 1 N HC1 was chilled to 5°C and 0.55 ml of 4 ~r NaNO2 was added. After 5 rain, 7 ml of ethyl acetate and 2.5 ml of 50% K2CO3 were added and the azide was extracted into the organic phase. A second extraction was performed, the combined extracts were washed three times with water, and were then dried over NazSO4 • A solution of pro-phe-his-len-leu-val-tyr-ser-OMe.2HC1, 1.06 g (1.00 m~), in 110 ml of dimethylformamide was chilled to 5°C and 0.3 ml of triethylamine was added. The azide and ester solutions were mixed, stored at 6°C for 16 hr, and then evaporated to 100 ml. The residual solution was added to 400 ml of cold 0.1 ~ sodium phosphate, pH 7. After the addition of 125 g of NaC1, a precipitate formed. This was collected, washed three times with 50-mi portions of water, and then dissolved in the acid solvent system (II). It was subjected to 200 countercurrent transfers. The major peak was retained, fresh solvents were added, and 1287 additional transfers carried out with recycling. The tubes containing the protected nonapeptide were located (K --1.15), pooled, and concentrated to 200 ml. The pH was adjusted to 7.5. The resulting precipitate was collected by filtration and dried over P205 ttis-Pro-Pke-His-Leu-Leu-Val-Tyr-Ser.--The nonapepfide ester, 0.202 g (0.163 raM), in 35 ml of 0.01 ~ HC1 was mixed with 35 mi of 0.2 N NaOH. After 5 rain, the pH was adjusted to 10.5 and an equal volume of secondary butyl alcohol was added. The sample was then subjected to 200 countercurrent transfers in the alkaline system (I), the major peak was retained, and 875 more transfers were carried out with recycling. The tubes containing the major peak (K = 1.46) were removed, pooled, the pH was adjusted to 4, and the solution evaporated to 10 ml. After readjusting the pH to 7 and chilling overnight at 6°C, a precipitate formed which was collected by centrifugation and was washed six times with 5 ml of water, twice with a mixture of alcohol and ether raM), in 6 ml of 1 ~ HC1 was cooled to 5°C, 0.5 ml of cold 4 • NAN02 was added and the mixture was stirred for 2 min. At this time, 2.54 ml of 50% K~CO3 was added and the solution was extracted twice with an equal volume of ethyl acetate. The extracts were combined, washed with water, and dried with Na2SO4 • A solution of pro-phe-his-lendeu-val-tyr-ser-OMe.2HC1, 1.06 g (1.00 m~), in 110 ml of dimethylformamide was chilled to 5°C and 0.3 ml of triethylamine was added. The azide and ester solutions were mixed, and after standing 40 hr at 6°C, 400 ml of 0.1 M sodium phosphate, pH 7.0, was added and the pH adjusted to 7.0 with 1 ~ HC1. A flocculent precipitate formed which was collected by filtration and washed with water. It was dissolved in the acid countercurrent system (II) at pH 2.4, and 200 countercurrent transfers were carried out. The fractions comprising the major peak were retained in the apparatus while all other tubes were rinsed and refilled with fresh solvents. An additional 1400 transfers were performed with recycling. The tubes containing the main peak (K --1.06) were removed, pooled, and the volume was reduced to 100 ml. The pH was raised to 7.5. The resulting precipitate was recovered by filtration and dried over P205. , was reduced in a solution of 50 ml of ethanol containing 2 ml of 1 ~ HC1 and 0.315 g of palladium for 17 hr at 50 psi hydrogen pressure. The catalyst was removed and the filtrate evaporated to remove the ethanol. The residue was diluted to 69 ml with water, the pH was adjusted to 4.5, and 7.8 ml of 1 N NaOH was added. After 10 rain, the pH was adjusted to 10.5, and the solution was subjected to 200 countercurrent transfers in the alkaline system (I). The main peak was located, retained in the apparatus, and 1361 additional transfers were made with recycling. The major peak (K --2.77) was identified, the component tubes were pooled, the pH was lowered to 4, and the solution was evaporated to 10 ml. The pH was then brought to 7 and the precipitate which formed was collected by centrifugation, washed with water, methanol-ether (2:7), and ether. of 12 N HC1 and 200 ml of water was chilled to 5°C. 12.5 ml of 1 ~¢ NaNO2 were added and the resulting azide was extracted into two 50-ml portions of chloroform which were combined, washed with water, with 1% NaHC0a, again with water, and dried with Na~SO4. Trlethylamine, 1.75 ml (11.8 nm), was added to the azide solution and immediately followed by 2.1 g (5.9 ram) of fleu-his-OMe.2HC1 in 20 ml of dimethylformamide. The clear yellow solution was kept at 6°C overnight. The chloroform was removed by evaporation. The residual dimethylformamide was diluted with 700 ml of water and, after adjusting the pH to 6.5, a floeculent precipitate formed. This was collected by filtration, washed with water, and suspended in 800 ml of 0.01 1~ HC1. The pH was adjusted to 2, and the suspension was stirred for 1 hr in order to dissolve the tripeptide derivative. This procedure was repeated twice, the extracts were combined, and the pit was adjusted to 6.4. The precipitate that formed was collected by filtration. It was recrystallized from 200 ml of ethanol-water 60 m~), in 44 ml of 0.55 N HC1 was treated with 1.65 ml of 1 M NaNOz. The pH was raised to 9.3 by the addition of 50% KzCO3, and the azide was extracted into three 40-ml portions of ethyl acetate. The extracts were combined, washed with water, and dried with Na2SO4. The solution (107 ml) contained 0.87 mE, based on its optical absorbance at 275 m/~. To it was added a solution of 1.06 g (1.00 m~) of pro-phe-hls-leu-leu-val-tyr-ser-OMe.2HCl in 110 ml of dimethylformamide at 5°C containing 0.3 ml (2.1 m.~) of triethylamine. A precipitate formed immediately, but redissolved when a portion of the ethyl acetate was removed by evaporation. The clear solution was chilled to 6°C for 6 hr, and then diluted with 400 ml of 0.1 ~t sodium phosphate at pH 7.0. The resulting precipitate was collected by filtration and washed with water. The solid was dissolved in the acid solvent system (II) and was subjected to a 200-transfer countercurrent distribution. Two peaks were found: one corresponded to unreacted octapeptide ester and was removed; the other was retained, and an additional 578 transfers were performed with recycling using fresh solvents. The peak (K ----2.74) was removed and its component tubes were pooled. After evaporating to 150 ml, the pH was adjusted to 7. Tyr-lleu-ttis-Pro-Phe-ttis-Leu-Leu-Val-Tyr-Ser.--The protected undecapeptide, 0.289 g (0.168 raM), was dissolved in a mixture of 35 ml of ethanol and 1.5 ml of 1 N HCI containing 0.2 g of palladium and reduced with hydrogen at 50 psi pressure for 14 hr. The palladium was removed by filtration and washed with water. After removal of the alcohol and adjustment of the volume to 87 ml, the pH was raised to 8 and an additional 10 ml of i N NaOH was added. At the end of 5 rain, the pH was lowered to 2 and the solution evaporated to 30 ml. The pH was then adjusted to 10.5 and the sample subjected to countercurreut distribution in the alkaline system (I). After 200 transfers, the major peak was located and retained in the apparatus; 1182 more transfers were performed by recycling with fresh solvents. The peak tubes (K --3.50) were pooled, the pH was lowered to 4, and the solution evaporated to 25 ml. The pH was adjusted to 7.3 and the resulting precipitate recovered by filtration, washed with four 9-ml portions of water, once with methanol-ether ( 
Val-Tyr-Ileu-His-Pro-P~-His
val-tyr-ilen-his-pro-phe-his-leu-leu-val-tyr-ser OMe.3HC1 (4) in 10 ml of 0.01 N HC1 was saponified by the addition of 10 ml of 0.2 N NaOH. After 5 rain, the pH was lowered to 10.5 and 10 ml of secondary butyl alcohol were added. The resulting two-phase sample was subjected to countercurrent distribution in the alkaline system (I). After 200 transfers, the major peak was located and all other tubes were emptied and refilled with fresh solvent. At the end of 800 more transfers (with resampling), the tubes containing the peptide peak (K = 3.83) were removed, the pH was adjusted to 4, and the volume was reduced to 6 ml by evaporation. The pH was adjusted to 7 and the resulting precipitate was recovered by ceutrifugation, washed three times with 5 ml of water, once with 5 ml of ethanol-ether (1:1), and twice with 10 ml of ether. The dodecapeptide was dried over P205 to yield an amorphous powder, 0.036 g, mp 214°C, RI 0.75.
Analysis: C~sHI06NI~)ls-5H20; calculated: C, 57.09; H, 7.43; N, 14.21. found: C, 57.26; H, 7.04; N, 13.70.
Z-Leu-I_zu-NHNH2 .--10 ml of hydrazine hydrate was added to a boiling solution of Zlen-leu-OEt (4), 11.6 g (28.6 m~) in 90 ml of methanol. The solution was cooled and, after 48 hr at room temperature, was poured into 1.0 liter of cold water. The resulting oil was extracted into ethyl acetate, which was washed three times with water, and dried with sodium sulfate. The solvent was evaporated to incipient crystallization of the hydrazide. Further cooling followed by filtration provided the dipeptide hydrazide, 9. (4) , 11.05 g (25 mM), was dissolved in 250 ml of ethanol containing 1 g of palladium and 30 ml of 1 ~ HC1. The mixture was reduced with hydrogen at atmospheric pressure for 3 hr. The palladium was removed and the filtrate was evaporated to dryness. The residue was dissolved in 50 ml of ethanol and precipitated as a gum with 900 3 .92 g (10 mM), was dissolved in 200 ml of 0.5 N HCI. The solution was cooled at 3°C and 10 ml of 1 ~ NaNO~ was added. The azide precipitated and was extracted into two 100-ml portions of ethyl acetate. These were combined and washed with water, 0.5 ~ NaHCO3, and again with water. The ethyl acetate solution was dried with Nw2SO4 ; since a precipitate appeared during the drying, the ethyl acetate was evaporated and replaced with chloroform which gave a clear solution.
Val-Tyr-OEt-HCL--Z-val-tyr-OEt
Val-tyr-OEt-HC1, 3.45 g (10 raM), was dissolved in 50 ml of water and chilled to 5°C. The pH was raised to 10 with 50% K2CO3 and the precipitated ester was extracted into two 100-ml portions of ethyl acetate. The combined extracts were washed three times with water and dried with Na2SO4. The dried solution was evaporated to 25 ml and mixed with the chloroform solution of the azide. The mixture was then concentrated to 100 ml and allowed to stand overnight at 6°C. A gelatinous mass of crystals formed; these were filtered off, washed with a small volume of chloroform, and dried over P205 to give 3 was suspended in 100 ml of methanol containing 0.5 g of palladium and 5 ml of 1 N HC1. Reduction with hydrogen was carried out at 50 psi pressure for 3.5 hr. Mter the palladium had been removed, the solution was concentrated to 15 ml, 100 ml of ethanol was added, and the solution was evaporated to a syrup which began to crystallize. When crystallization was complete, the solid was suspended in ether and filtered. Mter drying over P205, the product Z-Pro-Phe-His-OMe.--Z-pro-phe-NHNH~, 3.4 g (8.28 raM), was dissolved in 100 ml of 0.5 N HC1. The solution was cooled to 3°C and 8.5 ml of cold 1 ~ NaNO~ were added. The resulting azide was extracted into 200 ml of ethyl acetate which was washed with cold water, cold 0.5 M NaHCO3, and again with cold water. The azlde solution was dried with Na~SO4 and CaSO4. His-OMe.2HC1, 2.42 g (10 m~), was suspended in 50 ml of chloroform and 2.76 ml (20 m~) of triethylamine were added. Mter shaking for 30 rain, the chloroform was evaporated and replaced with ethyl acetate. The resulting suspension was filtered to remove amine hydrochloride. A quantitative ninhydrin determination showed the presence of only 3.8 mM of the ester, so a second preparation was made which gave an additional 3.4 m~. The solutions of the azide and the ester were combined, evaporated to 350 ml, and stored at 6°C for 48 hr. The resulting crystals were recovered by filtration and, after drying over P2Os, yielded 2. Pro-Phe-His-OMe.2HCl.--The carbobenzoxy trlpeptide ester, 36.7 g (67 raM), was dissolved in 400 ml of methanol containing 12.3 ml of concentrated HCI and 2 g of palladium.
Reduction with hydrogen at atmospheric pressure was carried out for 5 hr. The catalyst was removed and the filtrate was concentrated to 50 ml. Na~S04.
Pro-phe-his-OMe.2HC1, 22.6 g (46.5 m~), were dissolved in 116 ml of water and two volumes of chloroform were added. The mixture was cooled to 4°C and the pH was adjusted to 9.5 with 40 ml of 50% K2CO~ • 42 g of NaC1 were added to decrease the solubility of the ester in the aqueous phase. The chloroform layer was separated, and the aqueous phase was extracted twice with an equal volume of chloroform. The chloroform extracts were combined, washed three times with 230 ml of a saturated NaCl solution, and dried with Na2SO4 • A quantitative ninhydtin determination showed the presence of 44 mM of the ester.
The azide and the ester solutions were mixed and allowed to stand at 6°C for 48 hr. The solvents were removed by evaporation and the residue was dissolved in 600 ml of chloroform, which was then extracted three times with 500-ml portions of 0.2 M sodium phosphate at pH 9, and three more times at pH 6. The chloroform phase was stirred with cold water and the pH was lowered to 2.0. The organic layer was separated and extracted twice with 250 ml of 0.01 N HC1. Adjustment of the pH of the acid extracts to 9 gave a gummy precipitate which was washed with water and evaporated to dryness. The residue, after drying under vacuum overnight, was dissolved in 30 ml of ethanol and added dropwise to 1 liter of cold ether. solved in 144 ml of methanol and 16 ml of hydrasine hydrate were added. The solution was heated to boding and then allowed to cool and stand at room temperature for 24 hr. The reaction mixture was poured into 1600 ml of water. The resulting oil was extracted with difficulty into two 1600-ml portions of chloroform. The combined chloroform extracts were washed with three 2500-ml portions of a saturated NaC1 solution. After drying with Na~SO4, the solvent was evaporated to 300 ml. 700 ml of ethyl acetate were added and the resulting solid was coliected. The dried hydrazide weighed 13.45 g, mp 147-149°C. It was reerystailized from methanol-ethyl acetate, from methanol-ether, and was dried over P,05, 9.44 g, mp 142-144°C.
Analysis: C~I-I40N1000-H20; calculated: C, 58. 
Z-His-Pro-Phe-ttis-Leu-Log-Val-OMe.--Z-his-pro-phe-his-NHNH~., 0.535 g (0.78 m~),
was dissolved in 2 mi of dimethyl.formamide and chilled to --40°C. 1.18 ml of 2.67 ~ hydrogen chloride in tetrahydrofuran was added, followed by 0.118 ml of isoamyl nitrite. After 30 rain at --40°C, 0.58 ml of triethylamine and a solution of leu-leu-val-OMe.HC1, 0.308 g (0.78 m~), in 5 ml of dimethylformamide were added. The mixture was stirred 30 rain at --40°C and then stored at --20°C for 48 hr. The addition of 70 ml of water precipitated the crude product which was recovered by filtration and redissolved in 100 ml of 0.02 N HC1. When the pH was adjusted to 6.0, a flocculent precipitate appeared which was collected and washed with water. L~-Va~-Tyr-OEt-Ac.--7.53 g (13.6 m~) of 7_,-leu-val-tyr-OEt was dissolved in 100 ml of ethanol containing 1 ml of glacial acetic acid, and 0.6 g of palladium was added. Reduction was carried out at 50 psi hydrogen pressure for 5 hr. The palladium was removed by filtration, the solution was evaporated to dryness and desiccated over P2Os and NaOH to give 4. Z-Leu-Val-Tyr-Ser-OMe.--The mixed anhydride of Z-leu was prepared by dissolving 2.65 g (10 m~) in 10 ml of tetrahydrofuran followed by the addition of 1.48 ml of triethylamine. This solution was chilled to -5°C and 1.31 ml of isobutyl chioroformate was added. After stirring 10 rain at --5°C, the mixed anhydride was combined with a solution of val-tyr-ser-OMe prepared by treating 4.18 g (10 m~) of the ester hydrochloride in 10 ml of dimethylformamide with 1.48 ml of triethylamine at --5°C. The combined solutions were stirred 10 rain at 0°C and then heated rapidly to 68°C to complete the condensation. The reaction mixture was cooled and poured into 200 ml of 5% NaHCO8. The resulting precipitate was recovered by filtration and dissolved in 250 ml of warm ethyl acetate. This solution was extracted successively with 5% NaHCO8,0.1 N HC1, and water, it was dried with Na2SO4 and concentrated to 100 ml. The product crystallized, and was recovered by filtration, and dried. The crude material (rap 183--185°C) was recrystallized from ethyl acetate to give 1.59 g (2. The mixture was treated with hydrogen at 50 psi pressure for 6 hr. The palladium was removed by filtration, 25 ml of water was added, and the methanol was removed by evaporation. The pH was adjusted to 6.2, the volume made to 45 ml, and 7.66 ml of 1 ~ NaOH were added. After 10 mill, the pH was lowered to 6.2 and the solution was evaporated to 25-30 ml where crystallization occurred. The solid was recovered by filtration, washed with water, and dried over P~Os • Yield: 1.15 mE; mp 231-233°C. The product was dissolved in ethanol containing an excess of HC1. The solution was evaporated to dryness. The residue was extracted with ethanol. The solution was clarified by filtration and added to 10 volumes of cold ether. The precipitated peptide hydrochloride was washed with ether and dried over P~Os and NaOH. Yield: 547 mg (1.05 ra~), mp 158-170°C.
Analysis: C2aHa~N40~CI-H20; calculated: C, 51.6; H, 7.36; N, 10.47.
found: C, 51.3; H, 7.01; N, 10.38.
Analytical Methods
Reaction rates were determined by continuous measurement of new amino groups as they were formed during the incubation of the enzyme and substrate. Preliminary attempts (10) had been made to accomplish this task using either the ninhydrin reagent or trinitrobenzene sulfonie acid in an alkaline-buffered solution. In the final method now being reported, the ninhydrin method was chosen and especially adapted to the continuous flow method of analysis.
The sample solution was pumped a continuously (0.4 ml/min) into the analytical ninhydrin
The analytical system was composed of AutoAnalyzer equipment manufactured by the Technicon Corporation of Ardsley, New York. The modules employed included a pump II with an air bar, and a 95°C constant temperature bath. The colorimeter was equipped with reagent (1.2 ml/min) which had been precisely divided into segments by nitrogen gas bubbles (0.24 ml/min). The combined stream was passed through 20 ft of 2 mm I.D. glass coil immersed in a bath at 95°C. Upon emerging, the stream was cooled by passage through a short coil jacketed with cooling tap water and then conducted to the microcolorimeter flow cell. 1 ml/ min was aspirated through the flow cell as a solid stream of liquid; the balance was allowed to flow to waste through a 20-ft coil of 2 mm I.D. tubing which had the effect of preventing surging. The entire flow circuit was constructed of glass tubing.
The eolorimeter was electrically connected to a recorder employing a four-fold electrical range expansion, and thus the values recorded on the ll-inch chart paper lay between 75 and 100% transmission.
Standardization.--The newly formed amino group produced by the action of renin is, in the case of all of the peptides but one, the N-terminal of the tetrapeptide leun-val12-tyr13-ser14. The single exception is the compound his6-proT-pheS-hisg-leu1°-leun-val12-tyr 13 where the product is leull-vall~-tyr 13.
Both leu-val-tyr-ser and leu-val-tyr were synthesized and suitable standard solutions prepared for analysis.
These solutions were compared with similar standard solutions of I.-leucine. The color yields of the two peptides were the same as that of the amino acid within the experimental error of the method. Leucine was thus acceptable as a standard substance and was used throughout the study.
Preparation and Assay of Renin.--The enzyme used was extracted from hog kidneys by the simple acid denaturation method of Haas (11), modified to permit the processing of large amounts of material. The crude extract was fractionated with ammonium sulfate between the limits of 1.0 and 1.75 ~ at pH 4.0. The preparation was further purified by precipitation as the tungstate. After decomposition of the tungstate complex by calcium, the product was fractionated at pH 4.8 between 33 and 50% acetone and finally dialyzed.
The preparation was assayed by biological methods (5), using a standard renin preparation, 4 and also by the present chemical method. In order to accomplish the latter, an aliquot of the preparation was diluted to an estimated 0.I Goldblatt unit/ml in a buffer solution consisting of 0.1 M NaC1 and 0.05 ~t sodium phosphate having a pH of 7.5. After warming to 37°C, a sufficient volume of a stock solution of the nonapeptide his6-proT-pheS-hisg-leul°-leunvaP2-tyrl~-serl4 was added to yield a 20 )< 10 aM substrate concentration. Sampling of the incubation mixture by the analyzer was commenced immediately after mixing and continued for 6-7 rain thereafter, The velocity of the reaction (0.24 X 10 -G M/min) was obtained by direct measurement of the resulting recording. Similar velocity measurements were made using appropriate dilutions of the same standard rehin solution that was used for the biological assay method. The concentration of enzyme in the preparation was easily calculated from the velocity measurements, and was found to be 45.7 Goldblatt units/ml. The biological assay method yielded a value of 47.6 Goldblatt units/ml. The former value was accepted. The specific activity of the preparation was 12.7 units/rag of protein.
In order to avoid repeated freezing and thawing of the stock renin preparation, 1.0 or 2.0 ml aliquots, sufficient for one day's work, were quick-frozen in 1 ml vials and kept in the freezer until needed.
Preparation and Assay of Stock Substrate Solutions.--Stock solutions of all substrates were
570 m/z interference filters, and was modified to permit the use of a micro flow cell (1.5 X 15 mm) with an integral debubblizer. A range expander and recorder were also employed. The recorder was furnished with a slow (10 sec full scale) pen motor in order to increase the available torque.
4 The standard renin preparation was kindly supplied to us by Dr. Erwin Haas of Mt. Sinai Hospital, Cleveland, Ohio. prepared by dissolving a carefully weighed amount of the desiccated peptide in 0.01 N HCI. After solution had occurred, the pH was adjusted to between 3.5 and 4.0 with dilute N a O H solution, and the volume adjusted to give a 1.0 m~ concentration.
The concentration of hydrolyzable substrate was determined in the stock aspLileu "5 tetradecapeptide solution by the present chemical method. A very small aliquot of the stock solution, sufficient to yield a substrate concentration of 5 X 10 -6 M was added to an ice cold solution of the enzyme containing 0.0915 unit of renin/ml. After initial sampling for 2 min while cold, in order to establish the control value, the mixture was warmed to 37.5°C. The incubation was continued with intermittent sampling for the next 3 hr. At the end of this time, the reaction was very nearly complete. The hydrolyzable substrate was found by this means to be 88% of the theoretical, and the concentration of the stock solution was corrected to this extent. The stock solution of asnLval 5 tetradecapeptide was examined in a similar fashion. In this case, the hydrolyzable substrate was found to be 97% of the theoretical value. The concentration of the substrate stock solution was corrected by this amount.
l£xperimental Procedure.--The enzyme solution was prepared immediately before use from frozen aliquots of the renin preparation by dilution in a cold buffer consisting of 0.1 :~ sodium chloride and 0.05 M sodium phosphate having a pH of 7.5. The renin concentrations used in various experiments were 0.0457, 0.0915, or 0.183 unit/ml.
Standard solutions were prepared for each experiment by appropriate dilution of a stock 1.0 mM leucine standard solution in the enzyme solution. Working standard solutions having concentrations from 5 to 20 X 10 -6 M, and frequently 50 X 10 -6 M, were required and were prepared in intervals of 5 X 10 -6 M.
The analyzer was adjusted to 95% transmission, while aspirating the "blank" enzyme solution. Working standard solutions were then sampled for 2-min periods, thus providing the data for the standard curve. Meanwhile, a portion (4-7.4 ml) of the enzyme solution contained in a siliconized, stoppered test tube was rapidly warmed to 37.5°C. An amount of substrate solution (0.025-0.3 ml) was then added which was adequate to provide the desired concentration (5-50 X i0 ~ x¢). The solution was rapidly mixed and sampling commenced immediately, which was continued until the reaction mixture was exhausted. This usually required from 5-8 rain. A recording of a typical experiment is illustrated in Fig. I .
The peptides his6-proT-pheS-hisg-leu1°-lenn-valle-tyr 13 and hisS-proLpheS-his%leu1°-leu 11-va11~-tyr13-sert4 have low color yields with nlnhydrin, and all of their velocity measurements can be made using standard solutions having concentrations between S and 20 X 10 -e x~. T h e remaining peptides have very appreciable color yields, and when measuring the reaction velocities at elevated substrate concentrations it was necessary to adjust the baseline using t ]~t standard solution as a " b l a n k " which yielded just less optical density than the initial optical density of the reaction mixture. T h e three standard solutions which are the next most concentrated were then used to produce the standard curve for the experiment.
Due to the four-fold electrical expansion of the recorder scale, the per cent transmission recordings of the standard solutions were very nearly linear with concentration. For this reason, the velocities of the reactions could be determined by direct measurement of the slope of the initial portion of their recordings. All velocity measurements were made during the first 3-5 rain of the reaction. Decreasing velocities were often observed after this time, particularly at the lower substrate concentrations.
XIiVETICS OF R E N I N REACTION WITH SYNTtIETIC SUBSTRATES
All reaction velocities were measured in duplicate, and in some cases, triplicate experiments.
The velocity of the reaction of the enzyme with proT-pheS-hisg-leu]°-leulZ-valZ2-tyrl~-ser 1~ is very slow, and it was necessary in this instance to sample the reaction mixture intermittently over a 100 rain period in order to obtain satisfactory measurements.
RESULTS AND DISCUSSION
The kinetic data which describe the action of renin on nine peptides are presented in Table I . These data are derived from the experiments which are graphically illustrated in the Lineweaver-Burk plots of Figs. 2, 3 , and 4. The constants were obtained by means of the linear equations which best fitted the experimental values as determined by the method of least squares. The mean K~ value obtained with any peptide was used to determine the single intercept on the abscissa which is shown in the graphical presentation.
It was shown by the use of biological assay methods (5) that the tetradecapeptide has a K,, value which is very nearly the same as that of hog substrates A, C1, and C~. The maximum velocity (V~,~) values were also similar. The constants obtained for substrates B1 and B2 differed somewhat.
Thus the tetradecapeptide is fully adequate as a substrate when tested in a dilute aqueous solution. When dissolved in plasma, it is susceptible to the It was of considerable interest to compare the K~ and V~z values of the astg-ileu s tetradecapeptide as previously determined by biological assay with those obtained by the present chemical method. In order to reconcile the values obtained by the two methods insofar as possible, the data derived from the biological assay experiment were recalculated, using the substrate concentration which was found by the chemical method. The latter value was 1.5 times the original concentration determined by biological assay.
As recalculated, the K~ obtained by the biological assay method was 2.13 X 10-6 u while the V~ was 5.7 X 10 -6 ~x/min per unit. The corresponding values obtained by the chemical method are 3.68 X 10-e ~ and 10.2 X 10 -6 M/min per unit. The results obtained by the two methods are graphically presented in Fig. 2 .
The identical substrate and renin preparations were used in both methods. However, the substrate concentrations in the biological method were in the range of 0.3-3.0 X 10 -e ~, while its concentration in the chemical method lay between 5 and 50 X 10-6 ~. The renin concentrations were 7.5 times as great in the chemical method and the incubation time much shorter as well. Thus it is possible that the difference in the constants obtained by the two methods is due largely to the difference in concentration of reactants.
The constants obtained for the asnl-val 6 tetradecapeptide are essentially the same as those for the aspl-ileu 5 compound. The latter compound is the synthetic product (4) having the structure of the material isolated (3) from horse plasma. The former material was very kindly supplied to us by Dr. Franz (~ross ~ (12) . It contains a val in position 5 which corresponds to the structure of angiotensin I which was isolated from the ox by Elllott and Peart (13) . It is of practical significance that the N-terminal aspaxagine is a fully adequate substitute for aspartic acid. Future synthesis of the tetradecapeptide may be simplified by the use of the asparagine rather than aspartic acid, since asparagine derivatives are more easily prepared.
The removal of aspl-arg 2 from the N-terminal of the tetradecapeptide increases the K,~ more than eight-fold, from 3.68 to 28.0 X 10 -6 ~x. Although seemingly rather remote from the hydrolyzable leu-leu bond, this highly polar dipeptide group makes a large contribution to the affinity of the substrate for renin.
The K,~ values for the next three smaller compounds in the series are nearly the same, and it would appear that val 8 and ty# do not contribute directly to substrate affinity. There is a sudden increase in the K~ value when ileu 5 is removed, and this amino acid may be important. However, in view of its Dr. Frauz Gross, CIBA Limited, Basle, Switzerland. nonpolar nature, one is tempted to ascribe its value to one of modifying the charge of the adjacent his 6 residue.
Removal of the his 6 residue to yield the compound proT-pheS-hisg-leu10-1eu nvall~-tyr13-ser14 increases the K,~ values very little, if at all. It does have a profound effect upon the Vm,x value, which is approximately 10 X 10 -8 ~/min per Goldblatt unit/ml in the case of all of the larger compounds. Removal of the his 6 reduces this value to only 0.55 X 10 -6.
It is apparent that the C-terminal serine is not essential. The data suggests that the K,~ may be slightly increased, and the Vm= somewhat reduced by the removal of this residue.
Removal of tyr 18 from the octapeptide his6-pro~-pheS-hisg-leu10-1eun-val12-tyr ~3 completely eliminates substrate activity. It must be concluded that this aromatic amino acid is essential for the action of renin on its substrate. Conclusions as to the effect of the removal of tyr 13 upon the K,~ cannot be made from these experiments since no hydrolysis occurred and no measurements could be made.
The findings are valuable for the design of a substrate analogue capable of inhibiting renin. It is apparent that such a compound must contain the N-terminal asp-arg structure in order to achieve sufficient affinity for the enzyme. Since tyr ~8 is essential for substrate activity, it seems likely that the basic structure of an analogue would have to contain at least 1,3 residues.
The development of a chemical assay method for renin utilizing synthetic substrates would permit large numbers of more precise assays to be accomplished. Equally important is the possibility of standardizing the enzyme on the basis of the Vm~x attainable with the substrate that is chosen.
The nonapeptide his6-proT-phe*-hisg-leul0-1eun-vaP2-tyr~3-ser 1~ or possibly the octapeptide his6-pro~-pheS-hisg-leul°-leuU-val~2-tyr la are attractive possible synthetic substrates. Although the K~s for these compounds are approximately 12 times larger than for the tetradecapepfide, the difficulties of synthesis are very much less. Further, the reaction velocities can be as great as with the tetradecapeptide, providing adequate substrate concentration is provided.
The compound hisS-proT-pheS-hisg-leu~°-leu11-val12-tyr~a-ser1* was used in this paper for the assay of renin. The method is completely practical, providing the purity of the renin is adequate and the ninhydrin "blank" is not unduly large. Improved methods which will allow assay of impure preparations are under development in this laboratory.
SUMMARY
A number of peptides have been synthesized which represent portions of the tetradecapeptide renin substrate molecule, and which contain the hydrolyzable leu-leu bond. An automatic chemical method for determination of the velocity
